We have developed a genetic trap for identifying revealed a putative recombination signal (CCCACCC). sequences that promote homologous DNA recombination.
Introduction
Recognition of cis-acting DNA signals occupies a central role in both site-specific and general recombination pathways. [1] [2] [3] [4] [5] [6] Signals in site-specific pathways define the points at which the exchange will occur. General signals do not promote defined rearrangements but rather create hotspots by increasing the frequency of homologous recombination in their vicinity. The best studied general signal is E. coli's crossover hotspot instigator (chi), which functions at the inception of the recombination. [7] [8] [9] [10] [11] [12] Chi acts as a biochemical switch for the RecBCD exonucleasehelicase complex. Beginning at a double-strand break, the RecBCD complex processes exonucleolytically inward from the lesion site until it encounters a chi site. Chi catalyses the release of the RecD subunit, attenuating the complex's exonuclease activity without affecting its helicase activity. The region unwound after chi is coated by RecA monomers during invading strand preparation. Although hotspots exist in eukaryotes, specific signals, mostly nuclease sites, have only been demonstrated in yeast. The recombination hotspots observed in higher eukaryotes typically lie near regions of highly repetitive sequences and are generally observed in the context of meiosis. [3] [4] [5] The existence of ubiquitous, general somatic recombination signals has been proposed, 5 but nothing comparable to chi has yet been functionally identified.
We had previously seen evidence for general recombination signals while investigating a group of self-inactivating (SIN) retroviral vectors that were able to escape their programmed inactivation efficiently. 13, 14 Normally, SIN vectors are restricted to one round of replication by a deletion that removes U3 from the provirus's right long terminal repeat (LTR, Figure 1 ). Vector genomic tran-scripts are still made from the intact left LTR, but reverse transcription copies the deletion to both LTRs, disabling the daughter provirus. [15] [16] [17] We found that the SIN vectors that could escape this programmed disablement did so by recombinationally repairing the U3-deleted LTR. DNA sequence analysis of reconstituted LTRs indicated that the U3 repair was error-prone, and occasionally resulted in only partial repair of the deletion. LTR sequences in the helper cell genome and in the left LTR served as template to reconstitute the LTR deletion. 13 Remarkably, such recombinogenic SINs were constructed directly from stable precursor vectors by sequence insertion. The two stimulatory sequences studied were the neomycin resistance gene and the murine leukemia virus (MLV) encapsidation sequence, psi (). 18, 19 In this study, we tested random sequences for their ability to promote such recombination. These investigations led to the identification of a heptamer (CCCACCC), which is frequently found near hotspots of mammalian recombination.
Results

Experimental system
To analyze the unusually high frequency of retroviral vector reconstitution and to identify specific sequences that trigger this process, we developed a retroviral vector derived 'recombination activator trap' (Figure 1 ). This trap employs the retroviral vector pRD17 which self-inactivates after one round of retroviral replication as expected and the retroviral packaging line C3A2. [20] [21] [22] C3A2 cells contain multiple copies of the SNV LTR to express retroviral Gag-pol and Env proteins. The pRD17 vector contains a selectable marker gene, which confers resistance to hygromycin B and has been used extensively to study cDNA gene formation by retroviruses. 20 This vector has been shown to be completely stable and no vector rearrangements have been observed. By (Figure 2 ). creating DNA libraries in the vector, we now use it as a trap for identifying recombination signals (Figure 1, top) . The insertion of a specific recombination activator (RA) was expected to trigger recombination leading to a repaired vector LTR using LTR templates in the C3A2 helper cell. Thus, subjecting such vectors to two rounds of retroviral replication enabled the identification of vector species that underwent recombination (Figure 1 ), because vectors without RAs replicate only once.
A retroviral vector library was constructed by inserting size-selected (400 bases or smaller) Sau3Al-digested D17 chromosomal DNA into the BamHI site of pRD17 ( Figure 1 ). The restriction enzymes Sau3Al and BamHl create identical 3Ј overhangs after cutting the target DNA. Thus, they can be easily ligated with each other. 23 After transformation of the ligation products into E. coli, the number and size of inserts was determined by analyzing plasmid DNAs recovered from 20 bacterial clones. The rest of the bacterial colonies which contained more than 5000 unique inserts were pooled and plasmid DNAs were isolated. When this plasmid vector library was subjected to the experimental protocol (Figure 1 ), about 200 hygromycin-resistant colonies were detected after the second round of retroviral replication. When a control vector with two full-length LTRs was subjected to this experimental protocol, about 10 6 hygromycin-resistant colonies were observed at step 3 (data not shown). These data suggest that only a rather small number of the random inserts was able to trigger vector repair. Furthermore, a smaller library containing about 500 random sequences failed to produce any retroviral vectors with reconstituted LTRs. Latter data indicate that the small library did not carry recombinogenic DNA sequences.
To determine whether vectors with reconstituted LTRs had an insert with a common sequence motif, the chromosomal DNAs of hygromycin-resistant colonies were isolated. Inserts from vectors with reconstituted LTRs were recovered by PCR amplification using primers specific for flanking vector sequences ( Figure 2 ). PCR products were cloned and sequenced ( Figure 2 and data not shown).
Surprisingly, three vectors' DNAs (recovered from three separate transfections) contained only a short four nucleotide insert (CCCA) which created a symmetric sequence element, CCCACCC ( Figure 2 ). In each case, the clone had apparently undergone recombination, which deleted the remainder of the insert because the BamHI overhang duplication necessarily created during cloning was missing. Furthermore, two of these three clones had several mutations in the flanking DNA regions. A similar observation was also made previously when reconstituted LTRs were analyzed by DNA sequencing. 14 Furthermore, these data demonstrate that the amplified DNA originated from different, individual vector DNAs.
To test whether this seven base pair motif by itself was sufficient to induce vector recombination, a synthetic oligonucleotide was cloned into the BamHl site of pRD17. The insertion of the CCCACCC motif into the BamHl site creates the sequence GATCCCCACCCGATC (termed RA, Table 1 ). To prove sequence specificity further, 11 mutant forms of the original heptamer were tested in parallel experiments. The oligonucleotide CCCAACC (termed RA-ml), contains one base pair substitution. It creates the mutant sequence GATCCCCAACCGATC ( Table 1) . Insertion of the heptamer CCACCAGC (RAm2) creates the sequence GATCCCACCAGCGATC 
The sequence motif CCCACCC, and mutant forms of this motif were inserted into the BamHI cloning site (underlined) of pRD17 ( Figure 1 ) and subjected to the experimental protocol outlined in Figure 1 . Virus titers at step 3 are shown.
( Table 1) and represents an abbreviated version of the CCCACCC motif. Moreover, it alters the location of the putative recombination activating motif relative to the GATC sequences of the BamHl cloning site (Table 1) . Thus, this would also give an indication, whether the GATC motif is part of the RA sequence. The oligonucleotides CCAACAGC (RA-m3), or CCWACWSC (W = A or T, S = G or C) are variations of the CCACCAGC octamer. CCWACWSC represents eight different variations of the putative recombination activator (RA-m4 to RA-m11, Table 1 ). After cloning of these oligonucleotides into pRD17 and transfection into E. coli single bacterial clones were isolated and plasmids were analyzed by agarose gel electrophoresis and DNA sequencing. The insertion of such oligonucleotides did not cause plasmid rearrangements in transformed DH5␣ bacteria and the correct insertion of all oligonucleotides was verified by DNA sequence analysis. Retroviral vector plasmids containing such oligonucleotides were again subjected to two rounds of retroviral replication as described above. We found that vectors containing the CCCACCC motif or the CCCACC motif efficiently triggered recombination leading to vectors with reconstituted LTRs. About 200 to 400 hygromycin-resistant colonies were obtained after the second round of retroviral replication (Table 1) . However, no hygromycin-resistant colonies were detected with vectors that contained any of the other 10 mutant forms of the CCCACC(C) motif (Table 1 ). These data indicate that both the CCCACCC motif and an abbreviated form (CCCACC) can specifically enhance DNA recombination in mammalian D17 C3A2 cells. Furthermore, it appears unlikely that sequences of the BamHI restriction enzyme recognition sites are directly involved, because we would expect that the insertion of a base pair would impair the function of a specific sequence, which is most certainly recognized by a protein or protein complex.
The CCCACCC motif activates DNA recombination within 42 h after transfection One concern when studying recombination in a retroviral system is whether the observed alterations are occurring on the RNA (during reverse transcription) or on the DNA level (after transfection). To exclude the possibility that the LTR repair was occurring during reverse transcription, 24, 25 vector plasmid DNAs containing the CCCACCC motif or its mutant RA-ml form were recovered 42 h after transfection. Unintegrated plasmid DNA was recovered from step 1 C3A2 packaging cells and transformed into the recombination-deficient E. coli host strain SOLR. Individual clones, which represent individual recombination events, were selected, plasmid DNAs were isolated, subjected to restriction analysis and compared with their parental plasmid DNA. We found that 20 out of 22 vector DNAs that contained the CCCACCC motif had undergone major rearrangements, which resulted in plasmids with different restriction patterns. Rearrangements were observed in only three of 22 vector clones that contained the mutant form (CCCAACC) of this motif (Figure 3 and data not shown). These data show that the recombination is independent of retrovirus replication and further prove that the CCCACCC motif is a sequence-specific DNA recombination activator. In control experiments, SOLR bacteria were transformed directly with plasmids pRD17, PRD17 + CCCACCC and pRD17 + CCCAACC and plasmid stability was analyzed in five individual bacterial clones for each plasmid. No plasmid rearrangements were observed (data not shown). These data confirm that these rearrangements occurred in the C3A2 packaging cells and not in the bacteria after recovery from the C3A2 cells.
Discussion
A retroviral vector-based genetic trap has been used to identify specific sequences which activate DNA recombination. This trap led to the isolation of a short motif, CCCACC(C). When reinserted into our assay system, this sequence was able to stimulate recombination, whereas mutant forms of this sequence did not. Moreover, a small library of 500 random sequences did not lead to the vector instability indicating that only a small number of specific sequences is involved in this process. Plasmid DNAs carrying the CCCACCC motif undergo recombination within 42 h after transfection. Thus, recombination mediated by this motif is independent of retroviral replication.
Of note, the insertion of the CCCACCC heptamer into the pRD17 vector and testing in the experimental system outlined in Figure 1 resulted in only 200 hygro r colonies at step 3. This titer was as high as that obtained with a random sequence library, which contained only a small number of recombination activating sequences. However, as shown in Figure 3 , insertion of the isolated CCCACCC heptamer into the vector resulted in the generation of a restriction fragment length polymorphism after transfection into the helper cells, which most certainly also destroyed the retroviral vector structure. Thus, only a small fraction of the rearranged plasmid was still encoding a complete functional retroviral vector genome, which could be packaged into virions and transduce the hygro gene into fresh target cells. This certainly accounts for the relatively low vector virus titer at step 3.
The CCCACCC sequence is also found in the 3Ј noncoding region of the neomycin (G418) resistance gene which triggered recombination with unusually high frequency in our system, 13, 14 which may explain our earlier results. Furthermore, it is located near two major translocation breakpoints and has been postulated to stimulate recombination within certain transcribed regions. [26] [27] [28] [29] Moreover, recently it has been shown that this motif is contained within a 15 bp DNA region that binds a protein complex involved in recombinogenic reorganization of the Epstein-Barr virus genome. 30, 31 Here, we show in a functional assay system that this sequence is indeed directly involved in recombination events.
Sequence analysis of PCR products from recombined DNAs revealed gross rearrangements surrounding the cloning site of the vector. For example, all vectors, which only contained the CCCACCC motif (eg RA2, RA4, or RA9, Figure 2 ), lacked the remains of the second BamHI site, which was expected to flank the original sequence inserted into pRD17 (Figure 2 ). In addition, all clones had either other short deletions, one base substitutions, or one bp insertions (Figure 2 ). Similar observations have been made earlier in our laboratory, when DNA sequences of reconstituted LTRs in SIN vectors were analyzed. 13 The number of such mutations was far too high to be accounted for by errors during reverse transcription [32] [33] [34] or during PCR amplification. 35 These data indicate that the recombination mechanism in D17 C3A2 cells is highly mutagenic. It is noteworthy, that one recombined vector with a partially reconstituted LTR analyzed in our previous studies had an 8 bp insertion (TGGGTGGG) near the 5Ј end of the reconstituted LTR. This insertion was located directly adjacent to the partially reconstituted U3 region and this sequence is not present anywhere in the SNV wild-type LTR. 13 It represents the complementary sequence of the CCCACCC motif. This observation further indicates the involvement of this motif in recombination.
All experiments described here have been performed in C3A2 retroviral packaging lines, which have been derived from dog D17 osteosarcoma cells. We observed that the recombination frequency with plasmid DNAs (as described in Figure 3 , eg pRD17 + CCCACCC) was higher in C3A2 cells than in the parental D17 cells (data not shown). Thus, C3A2 cells, which had been kept in tissue culture since 1981, appear to express higher levels of proteins involved in DNA recombination than D17 cells at a low passage number. Thus, at this point it remains unknown, whether all mammalian cells express similar levels of proteins triggering high efficiency recombination of DNAs, which contain the RA sequence described here.
To the best of our knowledge, the experimental system described here is the first functional assay system to identify and test specific recombinogenic DNA sequences in a mammalian system. Similar systems may also be applied in cell lines of other organisms. The application of the SNV vector system in dog cells described here led to the identification of the first general recombination signal (CCCACC(C)). The trap also recovered a small number of other CA-rich sequences. Although most of these sequences were not characterized further, some of them also contained the CCCACCC motif and/or resembled other sequences found near recombinationally active regions (data not shown).
Specific recombinogenic DNA sequences such as the motif identified here may allow the isolation and identification of proteins involved in this process. Furthermore, they may be useful to develop gene transfer tools for the repair of defective genes or the knock-out of pathogenic genes by homologous recombination. In particular, recent findings indicate that short hairpin RNA-DNA hybrid oligomers can be used to repair genes.
6,36-38 It would be interesting to test whether the CCCACC motif would further increase the efficiency of this process. Furthermore, the knowledge of specific recombination activators will help to avoid problems of vector instability of gene transfer vectors.
Materials and methods
Nomenclature All vectors were derived from spleen necrosis virus (SNV), a member of the avian reticuloendotheliosis virus (REV) family. 15 Plasmid names are prefixed with the letter p (eg pRD18) to distinguish them from virus (eg RD18) encoded by the same construct. The gene encoding hygromycin B phosphotransferase is referred to as hygro. 39 The antibiotic resistance phenotype it confers is
Hygror. The neomycin (G418) resistance gene is neo and its phenotype is Neo r .
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Plasmid constructions All plasmids were constructed by standard cloning procedures using DSH␣ bacteria. 23 The vector pJD214HY contains all regulatory sequences required for normal retrovirus replication. It expresses the hygro gene from the left LTR promoter. Vectors of the pRD line are selfinactivating (SIN); most of the U3 region of the right LTR has been deleted. The selectable gene (hygro) and all other non-retrovirus sequences (eg internal promoters and internal polyadenylation signal) are in the opposite orientation as vector transcription. pRD33 and pRD48 were derived from pRD18, which has been described previously. [20] [21] [22] pRD33 was made by inserting the neo gene in the BamHI site between the vector's two internal promoters. pRD48 contains the murine leukemia virus (MLV) encapsidation sequence (PstI-BalI fragment, map units 0.563 to 0.747) instead. [20] [21] [22] Each vector's insert is in the same orientation as the hygro gene. The pRD17 vector, which contains the CCCACCC motif was made in the following way: two complementary oligonucleotides were constructed which contained GATC at their 5Ј ends (eg 5Ј-GATCCCCACCC-3Ј and 5Ј-GATCGGGTGGG-3Ј). Annealing of these oligonucleotides yields a short double-stranded oligonucleotide with GATC overhangs, which was cloned into the BamHI site of pRD17. Plasmids containing the other oligonucleotides were made in a similar way. Plasmids were sequenced to verify the insertion of one oligonucleotide. Cells D17 dog cells and D17 C3A2 dog helper cells were grown as previously described. 13, 14 The C3A2 helper cells were derived from D17 cells and supply all retrovirus proteins essential for virus replication without production of replication-competent helper virus. 15, 40 Selection of Hygror cell colonies was performed in medium containing hygromycin B at 80 g/ml.
Bacteria
All cloning experiments were performed in DSH␣ cells (RecA−). Experiments with plasmids recovered after transfection into C3A2 cells were performed with SOLR recombination-negative bacteria, which were purchased from Stratagene, La Jolla, CA, USA. The phenotype of these bacteria is: e14− (McrA−), ⌬ (mcrcb-hsdSMRmrr)171, sbcC−, recB−, recJ−, uvrC− (a complete description is available by the supplier).
Transfections and infections
Transfections were performed by the polybrene-dimethyl sulfoxide method. 41 Virus titers were determined on D17 cells as described previously and are expressed in terms of colony-forming units per milliliter (c.f.u./ml) of tissue culture supernatant medium. 13, 14 In all experiments, virus was harvested from cells after selection for drug resistance.
DNA isolation
Chromosomal DNAs were isolated by proteinase K digestion and phenol-chloroform extractions. 23 
Sequencing
All sequencing was performed using the Sequenase V2.0 (USB, Cleveland, OH, USA) dideoxy chain termination kit following the protocol recommended by the supplier.
PCR amplification
Amplifications were performed in 100 l reactions using Taq DNA polymerase (Promega, Madison, WI, USA) or Vent DNA polymerase (New England Biolabs, Beverly, MA, USA) in buffers supplied by the vendor. Twentyfive amplification cycles were performed on 10 g of genomic DNA. Reaction cocktails included 50 pmol of each primer, 400 m dNTPs, 3% BSA, 2 mm MgSO 4 and 5 units of enzyme. Cycle parameters included a 4 min pre-melt at 94°C, a final extension at 72°C for 5 min, and a core cycling program (94°C, 1 min; 56°C, 30 s; 72°C, 2 min). After amplification, fragments were resolved on a 1% agarose gel and GeneClean (BI0101, Gaithersburg, MD, USA) purified. Any additional enzyme modifications required for cloning the amplified fragment were performed before electrophoresis.
Library construction
The pRD17.GEN-A and pRD17.GEN-B libraries contain D17 cell genomic DNA cloned into a pRD17 vector backbone. D17 DNA to be used for library construction was digested with Sau3Al and size-selected by HPLC using a WATERS (Milford, MA, USA) GenPack column. Fractions containing fragments smaller than 400 bp were pooled and the DNA was ligated into pRD17's unique BamHI site (Figure 1 ). Transformation was performed using E. coli DH5␣ cells. Cell aliquots were plated for isolation of individual clones and determination of library complexity. Less than 500 clones were recovered from the GEN-A library and more than 5000 from the GEN-B library. Library complexity was gauged by analyzing the plasmid DNA of 20 random clones from each library and examining the size range of inserts by restriction mapping. More than 80% of clones examined had detectable inserts (size Ͼ50 bp) and no redundancies were observed.
